• ts-AML (arising from treated antecedent hematological disorder) is less responsive to currently applied treatment strategies.
Introduction
Secondary acute myeloid leukemia (s-AML) refers to a leukemic process: (1) evolving from prior myelodysplasia (MDS), myeloproliferative disorder (MPN), or aplastic anemia (AA) with or without treatment or (2) as a product of previous exposure to a proven leukemogenic chemotherapeutic agent (therapy-related AML [t-AML]).
1,2 This term, although implying a process relating to the nature of its neoplastic origins, also bears negative connotations in that it conveys a poor prognosis. 2, 3 s-AML, although used interchangeably with t-AML, is a more inclusive diagnosis that additionally incorporates AML preceded by a hematological disorder irrespective of treatment of the disorder. 2 In the 2008 revision, the World Health Organization refined its AML classification schema by incorporating "AML with myelodysplasia-related changes," which includes: AML from prior MDS/MPN, AML with MDSrelated cytogenetic abnormality, and AML with morphologic multilineage dysplasia. 4, 5 In the most recent 2016 update, AML-myelodysplasia-related changes and "therapy related myeloid neoplasms" have been retained as distinct subcategories. 6 Therapy-related AML defines myeloid neoplasms arising consequent to attempts at curing a variety of malignancies with certain cytotoxic chemotherapeutics. [7] [8] [9] [10] Lindsley and colleagues were able to categorize clinically defined t-AML into various genetic ontogeny subgroups by their mutational pattern profiles. 11 Additionally, attempts at resolving clinicopathologic heterogeneity within AML by the same group of investigators, identified a core set of mutations in selective genes to be highly specific for s-AML. 11 Nevertheless, the current umbrella diagnosis of clinically defined s-AML encompasses a group of heterogeneous entities, each tied to different underlying biologic processes.
Older age, adverse risk cytogenetics, and antecedent hematological disorder (AHD) are well-established, poor risk prognostic factors in AML. 12, 13 There is expected to be a complex interplay between these competing risk factors on disease outcomes. MDS/ MPN and AA are premalignant hematological diseases with the risk of evolving to AML. 14, 15 Leukemic transformations are believed to occur stably over time, likely propelled by stochastic processes involving random genetic events. 16 However, some studies suggest that treatment of a preleukemic disorder has an influence on the incidence of subsequent AML. 17, 18 Clinical emergence of covert leukemic clones that emerge through the selective pressures of cytotoxic therapy, while treating for AHD, would affect leukemia biology and disease aggressiveness. 19 An ontological conundrum is whether the secondary leukemia and its subsequent behavior are purely a manifestation along the natural course of, and determined by, its AHD, influenced by potentially genotoxic exposure in treating these AHDs, or a culminating effect of pathophysiologic interactions between the two. Irrespective, patients who develop s-AML evolving from an antecedent hematological disorder represent a high-risk AML subset with bleak long-term survival outcomes. 17, 18 In an effort to further refine the prognosis of s-AML (arising from AHD), we sought to specifically describe outcomes of patients who developed AML consequent to a previously treated s-AHD (ts-AML). The objective of this study is to outline disease characteristics of this patient subset with ts-AML, in whom there exists a critical unmet need for new treatments. Results of our study will also establish baseline parameters from which to assess the effectiveness of emerging therapies in future clinical trials.
Materials and methods

Study design
A retrospective chart review was done to evaluate patients with newly diagnosed AML treated at our institution from January 2000 to December 2015. Baseline patient and disease characteristics of ts-AML were analyzed and compared with other subsets of AML in terms of therapy responses, response duration, and survival outcomes. All patients on protocols were approved by the institutional review board, and written informed consent obtained before enrollment in accordance with the Declaration of Helsinki.
Patient population and study definitions
ts-AML for this study analysis was defined strictly by meeting the following requisite criteria: (1) history of prior MDS, MPN, or AA and (2) at least 1 chemo-or immunomodulator therapy for that AHD. t-AML was defined by AML arising after exposure to cytotoxic therapy for conditions other than the previously mentioned disease entities such as solid tumor malignancies and lymphomas. 6 Patients' karyotypes were divided into 3 categories: adverse (including complex defined by $3 chromosomal abnormalities), 20 diploid/intermediate, and favorable. 21 Survival estimates were compared with those of other high-risk AML subsets (ie, del5 and/or 7 chromosomal abnormalities, TP53/chr.17p abnormality [TP53 mutated], and t-AML). 3q abnormalities were defined by involvement of 3q21 or 3q26 abnormalities including addition/deletion of chromosome 3q, t(3;3), and inv(3). 22 Subgroup analyses were performed within ts-AML comparing overall survival (OS) based on the presence or absence of concurrent high-risk features such as 3q abnormality, 5/7 chromosomal abnormalities, and t-AML within ts-AML. Response rates and survival outcomes within ts-AML were also assessed by type of therapy received. Therapies were grouped by the intensity of treatment regimens into 3 cohorts: (1) high-dose cytarabine (HiDAC)/intensive chemotherapy; (2) intermediate: twice daily fludarabine and cytarabine, 23 713, CPX-351; and (3) low: hypomethylating agent (HMA)/HMA combinations, low-dose cytarabine/low-dose cytarabine (Ara-C) combinations, and investigational therapies. Regimen type, karyotype, prior AHD type, t-AML, white blood cells (WBCs), platelets, bone marrow blasts, and prior AHD therapy were included in the analysis. 
Study end points
Study end points included complete response (CR) rate/CR with low platelets (CRp), 20 OS, duration of response and 8-week mortality rates. OS was calculated from time of AML treatment to date of death and censored at last follow-up date if the patient was alive. CR duration was calculated from the time at CR/CRp to date of relapse or censored at last follow-up/death if no relapse.
Statistical analysis
Descriptive statistics were presented as medians and ranges for continuous data, and as numbers and percentages for categorical data. The x 2 and Mann-Whitney U tests were used to compare categorical and continuous data, respectively. Predictive factors for response rates were analyzed using the x 2 test for univariate comparisons. Covariates were included for multivariate comparisons if P , .2 and chosen by backward selection model. For time to event analyses (OS), survival curves were established by the Kaplan-Meier approach. Comparison of survival curves was done using the logrank test. Variables with P # .05 were chosen for the multivariate Cox regression model. Hazards ratios (HRs) are given with 95% confidence intervals (CIs). Statistical significance was determined at a P value of .05.
Results
We examined a total of 2912 patients with newly diagnosed AML seen at MD Anderson Cancer Center from January 2000 to December 2015. Of these patients, 254 (9%) were designated ts-AML and the other 2658 (91%) patients as non-ts-AML. Included within the non-ts-AML cohort were 215 patients with s-AML evolving from an untreated AHD. Compared with the non-ts-AML population, ts-AML cohort patients were older in age and had lower baseline platelet and bone marrow blast percentage counts (Table 1) . Mutational data in genes frequently mutated in AML were available in a proportion of these patients. Among patients with molecular characterization data, RAS, ASXL1, TET2, and RUNX1 mutations were observed more frequently in ts-AML, whereas NPM1 occurred at a lower frequency compared with non-ts-AML. TP53 mutations occurred in 9 patients (1 in younger AML, 9 in older AML); mutations in all cases accompanied a complex karyotype.
Patients were stratified by age into 2 study groups: younger (,60 years) and older ($60 years) AML. Patient and disease characteristics of the 2 ts-AML age cohorts are outlined in Table 2 . The 2 age cohorts varied significantly by prior AHD type and regimens received. Included among the 254 ts-AML patients were 53 with t-AML Total bilirubin, mg/dL 1 (0-2) 1 (0-2) .62
Creatinine, mg/dL 1 (0-1) 1 (0-3) .002
BM blasts, % 29 (9-93) 33 .62
Number of prior therapies 1 (1-5) 1 (1-6 (17) .001
Medium intensity, no. (%) 7 (15) 11 (6) Low intensity, no. (%) 9 (19) 137 (77) *Patients treated with stimulating agents such as growth factor supplements, recombinant erythropoietin and analogs, and danazol alone not considered to have ts-AML. (previously treated solid tumor or lymphoma history), including 14 of 51 (29%) and 39 of 203 (19%) in the younger and older ts-AML cohorts, respectively. Five of 16 t-AML patients, who had previously received anthracyclines for treatment of their prior malignancy, were induced with an anthracycline-based regimen for their AML.
Younger ts-AML study cohort
A total of 1160 (40%) patients were younger than 60 years at diagnosis. Of these, 51 had ts-AML and remaining 1109 were non-ts-AML. The median age at diagnosis was 52 years (range, 15-59). Median number of prior AHD therapies received was 1 (range, 1-5). Thirty of 51 (59%) patients had an adverse karyotype. The cytogenetic landscape is illustrated in supplemental Figure 1 . On comparing frequency distribution of karyotypes between ts-AML, t-AML, and de novo AML groups, ts-AML and t-AML groups were associated with a high frequency of adverse karyotype (68% vs 79%, respectively; P 5 .52), which as statistically different from the de novo AML group (P 5 .001) (supplemental Figure 2A ).
Response and early mortality rates. Forty-seven of 51 patients were evaluable for response after receiving chemotherapy (Table 3) . CR/CRp rate was 32% (CR, 12/47; CRp 5 3/47). The 4-and 8-week mortality rates were 5/47 (10%) and 14/47 (27%), respectively (causes of death: sepsis/multiorgan failure, 11; progressive leukemia, 1; intracranial hemorrhage, 1; undetermined, 1). The CR/CRp, 4-week, and 8-week mortality rates by high, intermediate, and investigational/low therapy are outlined in Table 3 . Response rates were far lower compared with the t-AML (67.6%) and de novo AML (79.5%) cohorts (P , .001) (supplemental Figure 2B) . Similarly, 8-week mortality rates were significantly higher in the ts-AML cohort compared with t-AML (9.2%) and de novo AML (6.1%) (P , .001).
Survival outcomes. OS in ts-AML patients was significantly inferior compared with non-ts-AML (5 vs 24 months, P , .001; Figure 1A ). Estimated 1-year survival probability was 25%. Also, there was a significant difference in OS among the high-risk AML subsets, ts-AML included (P , .01 Figure 1B) . A dense clustering of survival curves with virtually identical outcomes was observed across the non-ts-AML high-risk subsets ( Figure 1B) . Median survival in ts-AML was statistically lower when compared with other high-risk cohorts: 5/7 chromosome abnormality, TP53 mutated, and chromosome 3q (5 vs 7.9, 7.8, and 7.9 months, respectively; P , .01). Additionally, t-AML was associated with superior survival compared with ts-AML (11.2 vs 5 months, P 5 .002; Figure 1C ). Overall survival probability Response duration in the CR group was significantly shorter in ts-AML compared with non-ts-AML (median, 5.3 vs 31 months; P , .01). Nine of the 12 CR group patients proceeded to transplant. Patients transplanted had a superior survival when compared with patients continued on chemotherapy alone (12.4 vs 2.9 months, P 5 .002; Figure 1D )
Survival by presence of associated high-risk chromosomal abnormalities and therapy regimen type. Additional presence of 5/7 chromosomal abnormality within ts-AML conferred a statistically significant inferior survival over ts-AML without the high-risk karyotypic feature (2.8 vs 5.9 months, P 5 .03; Figure 2A ). Similarly, there was a trend toward inferior survival associated with the presence of 3q abnormality (vs absent, 1.6 vs 5.6 months, P 5 .17; Figure 2B ). Very few ts-AML patients had a TP53 mutated or complex karyotype occurring in isolation; hence, these karyotype relationships were not examined. Factors predicting response and survival. In a univariate analysis, none of the analyzed factors predicted for response (Table 4) . Univariably, only cytogenetics were associated with differences in OS (Table 4) 
Older ts-AML study cohort
Of the overall study population, 1752 patients were $60 years of age at AML diagnosis; 203 had ts-AML. The median age at diagnosis was 71 (60-92) and median number of prior therapies received was 1 (1-6). A total of 179/203 (88%) patients had a determinable karyotype. Cytogenetic landscape is illustrated in supplemental Figure 3 .
Response and early mortality rates. Among 203 patients, 176 were evaluable for response after receiving chemotherapy (Table 3) CR/CRp rate was 24%. The 4-and 8-week mortality rates were 12/176 (7%) and 39/176 (22%), respectively. The CR/CRp, 4-week, and 8-week mortality rates by different treatment intensity regimens are shown in Tables 2 and 5 Survival outcomes. Two hundred of 203 patients were evaluable for survival analysis. OS in ts-AML was significantly lower compared with OS in non-ts-AML (4.7 vs 9.1 months, P , .001) ( Figure 4A ). Estimated 1-year survival probability in ts-AML was only 22%. Unlike in the younger AML cohort, there was no significant difference in OS between the high-risk AML groups and ts-AML resulting from drop in survival rates across the non-ts-AML high-risk AML age groups. There was no statistically significant difference in median survival in ts-AML compared with t-AML without ts-AML (4.7 vs 5.4 months, P 5 .24; Figure 4C ). Similar to the younger age AML, patients who received transplant had a superior survival compared with patients not transplanted (16.2 vs 4.6 months, P , .001; Figure 4D ).
Survival outcomes by associated high-risk chromosomal abnormalities and therapy type. Additional presence of 5/7 chromosomal abnormality conferred a statistically significant inferior survival over ts-AML in the absence of this high-risk feature (2.8 vs 5.2 months, P 5 .03) ( Figure 5A ). Similarly, inferior survival was Figure 6 ).
Factors predicting response and survival. On a univariate analysis, none of the analyzed factors predicted for response, except for non-adverse karyotype, which was associated with a trend toward higher response rates (Table 6 ). Univariably, adverse cytogenetics, white blood cell counts and platelet counts were associated with statistically significant differences in OS (Table 7) . By multivariate analysis, only WBC ($10 K/mL) and adverse karyotype were associated with significantly worse survival ( Table 7) .
Factors predicting response and survival in the overall ts-AML study cohort
Response rates and OS were not influenced by age, baseline hematological indices, t-AML status or the presence of FLT3ITD, NPM1, or RAS mutations. On uni-and multivariate analysis, adverse cytogenetics predicted for decreased response rates and OS. There was trend toward improved OS in the non-FLT3-ITD mutated ts-AML patients (P 5 .09). Notably, patients with FLT3-ITD mutations that were treated with FLT3-inhibitors experienced an improved survival FLT3 inhibitor regimen vs non-FLT3 inhibitor regimen (median OS: NR vs 4.9 months, P , .001) (supplemental Figure 4) .
There was a significant difference in OS within s-AML by prior treatment of AHD (ts-AML vs s-AML with untreated AHD, 4.2 vs 9.2 months; P 5 .001) (supplemental Figure 5A) . Survival difference was maintained in a subset analysis confined to AML with non-adverse cytogenetics (ts-AML vs s-AML with AHD untreated, 5.9 vs 11.7 months; P 5 .001) (supplemental Figure 5B) . In a multivariate analysis in the overall AML population, ts-AML status associated with significantly inferior survival (supplemental Table 1 ). In a multivariate sensitivity analysis, after excluding ts-AML with adverse risk cytogenetics, ts-AML still predicted for inferior survival (HR 2.7 [95% CI, 1.8-3.9]; P , .001). Analyzing impact by prior AHD type status, survival was significantly inferior in the ts-AML from prior MDS cohort compared with s-AML, prior MDS untreated (4.8 vs 9.5 months, P 5 .0002; supplemental Figure 6A ). There was trend toward inferior survival in ts-AML from prior MPN cohort compared with s-AML, prior MPN untreated (3.1 vs 8.6 months, P 5 .24; supplemental Figure 6B ). Overall survival probability 
Discussion
Ts-AML (AML subsequent to AHD which was treated, irrespective of history of previously treated malignancies) selects for a very high risk subset, particularly in the younger aged AML population. Our data finds special relevance in the era of increased recognition and growing inclination toward treating AHDs. Ts-AML represents a growing patient cohort, who while being traditionally classified as 'untreated' AML, have had encountered significant prior therapy.
Inclusion of s-AML along with de novo AML in clinical trial study designs finds support in prior conducted studies, such by Ostgard et al, which demonstrated that s-AML, per se, did not impact response rates and survival after accounting for cytogenetics and other relevant deleterious risk factors. 24 However, the aforementioned study included a mixed population of s-AML defined by AML arising from prior AHD (including untreated) and t-AML. In our study, survival analysis on s-AML patients by prior treatment of AHD showed a significant survival difference of 5 months, favoring s-AML arising from untreated AHD.
This survival disparity was maintained in a subset analysis of s-AML with non-adverse cytogenetics. We argue that s-AML evolving from prior treated AHD should be classified as 'treated s-AML', distinct from t-AML, s-AML from untreated AHD, and de novo AML.
s-AML occurs in 5% to 30% of AHD, occurring more frequently in AHD with high risk aberrant karyotype. [25] [26] [27] [28] Leukemic progression is typically characterized by acquisition by additional genetic changes, involving either chromosomal or molecular mutation abnormalities. 29 Acknowledging limited sample size estimates available on molecular characterization data, we noted a high frequency of ASXL1 (38%), TET2 (33%) mutations in the ts-AML cohort, a prominent feature of s-AML. 11, 30, 31 Mutations in these genes occur at a high frequency in MDS as well, suggesting them to be early events in AHD. 31 We also observed a high frequency of RUNX1 (31%), FLT3 ITD/TKD (15%), and RAS (20%) mutations the ts-AML cohort. Previously published data indicate that RUNX1, FLT3, RAS mutations occur infrequently in AHD/MDS suggesting that acquisition of this class of mutations plays a transformative role in disease progression. [30] [31] [32] 0.0 0 1 2 2 4 3 6
Time (in months)
Overall survival probability Outcomes after conventional chemotherapy in patients with AML arising from treated MDS are expectantly poor. 33, 34 It has been shown that treatment with therapies such as HMAs has a significant effect on disease natural history, effectively protracting disease latency from MDS/MPN to leukemic progression. 35 However, it is conceivable that prolonged exposure to these agents may select for the emergence of chemotherapy resistant AML clones. Ts-AML after hypomethylating agent (HMA)/lenalidomide/thalidomide failure is associated with a particularly poor outcome, with a projected median survival of 3-4 months. 33, 34 Conversely, s-AML arising from MDS managed with supportive care associates with improved median survival of 10.5 months. 34 Putting this into perspective, our study cohort included 221 patients with prior MDS, 89% of whom developed AML post HMA/lenalidomide/thalidomide failure. Response rates and survival did not differ statistically by therapy before progression (HMA/ lenalidomide/thalidomide vs other) on regression analyses, in either age cohort of our study, suggesting that the prognostic impact may not be selective to prior exposure to HMA or lenalidomide/thalidomide therapy. We noted a nonsignificant trend toward inferior survival in patients with ts-AML from prior MPN compared with MPNuntreated s-AML patients. The impact of other AHD therapies on subsequent AML behavior must be explored in a larger study cohort.
Treatment of AHD may result in various genetic and epigenetic alterations paving the way for biologically aggressive, chemo-insensitive leukemic disease less amenable to response with the currently applied therapeutic approaches. 36 Poor responses to conventional induction therapy in this form of AML are related partly to the overexpression of several multidrug resistant gene products. Prior treatments with agents such as decitabine have been shown to result in multidrug resistance protein-1 (MDR1) gene activation through MDR1 demethylation. 37 Overexpression of MDR-1 confers resistance to multiple antileukemic agents including cytarabine, anthracyclines, and epipodophyllotoxins. 38, 39 Also, leukemic cells in s-AML are characterized by a far lower expression levels of Ara-C transporting proteins, such as hENT1. Expression levels of hENT1correlate with responses to cytarabine-based intensive chemotherapy. 40 Acknowledging genetic/biological differences, and dissimilarities in the nature of chemotherapy regimens and their intensities, outcome analyses were performed separately for younger and older AML cohorts. Irrespective of the cohort, we noted no statistically significant difference in response rates or OS across treatment regimens. CR/CRp rates in the younger age cohort were low at 32%, and 8 week mortality rates high at 27%. The comparatively inferior survival rates in ts-AML are related in part to significantly lower response rates and higher 8-week mortality rates as compared with t-AML and de novo AML groups. A high frequency of early deaths (11 of 17 overall) occurred in patients induced with high intensity regimens (ie, HiDAC/intensive chemotherapy). In this regard, benefits of cytarabine dose escalation in affecting responses in refractory AML are isolated to a few small studies. 41, 42 Combinatorial regimens built around a high-dose cytarabine backbone such as fludarabine, Ara-C, idarubicin, and granulocyte colonystimulating factor and cladribine-Ara-C, purportedly improve upon the cytotoxic effects of HiDAC, and are fairly equivalent in efficacy. [43] [44] [45] However, there is mounting evidence to suggest that responses, even to escalated doses of Ara-C, are heavily dependent upon the underlying cytogenetic and molecular signatures. 46 There is an urgent need for genetic annotation to define patients who best benefit from cytarabine-based therapy. The much favored highintensity Ara-C-based induction regimens in younger AML patients should be reconsidered in the difficult-to-treat setting of ts-AML. The role of novel approaches, including CPX-351, merits reevaluation in this setting. 47 Treatment with targeted therapies such as small molecule inhibitors (for example, FLT3) may provide another efficacious approach even in this high-risk ts-AML subset (supplemental Figure 4 ). Other emerging therapies, including antibody-drug conjugates, immune check point inhibitors, and molecularly targeted agents inhibiting deranged signaling and metabolic pathways, should be explored either alone or in rational combinations with other agents of nonoverlapping mechanisms of action. 48 Similar to previous studies, 49 our data showed a significant improvement in survival with proceeding to transplant (range, 9.5-11.6 months), suggesting that transplant can significantly alter the natural history of the disease.
Prior confirmatory studies have upheld the prognostic utility of European Leukemia Net (ELN) cytogenetic classification in younger and older AML alike. 21, 50 To put ts-AML outcomes in context, we compared ts-AML against these other high-risk subgroups. Although we did not discern a survival difference between ts-AML and any of the aforementioned ELN adverse subgroups in older patients, survival analyses clearly showed ts-AML's prognostic separation from other adverse risk subgroups in younger AML. The 2.7-to 2.9-month median survival difference between ts-AML and other ELN adverse risk groups' merits significance given that 41% of younger age AML did not have an adverse karyotype. The associated presence of an adverse risk karyotype such as 3q, or 5/7 chromosomal abnormality in the setting of ts-AML. identified an even higher risk entity (median survival rates not exceeding 3 months, irrespective of age). This not only reaffirms our perspectives of the clinically aggressive nature of ts-AML, but also helps identify it as poor risk entity extending beyond the prognostic informativeness of adverse cytogenetics.
An important strength of our study is the assessment of ts-AML impact after its categorization by age. This helped demonstrate that outcomes are uniformly dismal regardless of age. An important limitation to our study includes its retrospective study design. Our ts-AML cohort was overrepresented by patients with prior MDS, which constituted 85% of the study population. Small sample size estimates in certain population subsets were unconducive to statistical analyses, potentially limiting a reliable estimation for differences that may have existed. We did not have molecular mutation information on most patients and hence were not able to incorporate molecular mutation profile data in our prediction analysis for individual age cohorts. Our data lacked the level of granularity sufficient to analyze the effects of varying temporal dynamics of AHD-AML transition on ts-AML outcomes. Our sample cohort included a heterogeneous population characterized by varying temporal evolution profiles from time of AHD treatment to AML progression. Assuming ts-AML arising early into AHD treatment behaves along the lines of s-AML from untreated AHD and factoring time from AHD treatment to leukemia onset would identify for even higher risk subgroups within ts-AML. In conclusion, poor outcomes in ts-AML are a combined translation of low response rates, high early mortality, and higher risk of early disease relapse. Future investigational treatment approaches including multidrug modulators, antibody-drug conjugates, and molecularly targeted inhibitors should be considered in treating these patients. Although data on an increasing number of effective novel combinations in highrisk AML is emerging in trials, there is an urgent need to evaluate their efficacy in this subset. We propose that the definition of s-AML should be narrowed to define ts-AML, a category of AML typically less responsive to currently applied treatment approaches.
